Abstract-The Cross-Entropy-based (CE-based) stopping criteria advantage is able to terminate early in the high signal-tonoise ratio (SNR) while maintain the bit error rate (BER) performance. Unfortunately, the criteria fails to cope with low SNR region and make the decoder iterates until maximum or infinite iteration. This paper proposed an early termination technique at low SNR for the CE-based stopping criteria using the decoding threshold derived by the measurement of reliability (MOR) at low SNR. In the simulation results and analysis, we compare the average iteration number (AIN) and the bit-error rate (BER) performance between the proposed combination methods with the existing CE-based stopping criteria. From the results, the combination method capable to reduce the AIN at low SNR with minimum one AIN while maintaining the AIN at high SNR as the traditional method. This significant reduction could reduce delay and complexity of existing CE-based stopping criteria while maintaining the BER performances.
I. INTRODUCTION
An early stopping criterion based on cross-entropy (CE) has been proposed by Hageneaur in [1] to stop the iteration process with negligible performance degradation at high signal-to-noise ratio (SNR). The robust features of the CE criterion make it able to terminate the iterative decoding process at an earlier stage over conventional fixed iteration stopping criteria. However, it requires complex computations that lead to a work in [2] to enhance the CE stopping criterion in which two lowcomplexity stopping criteria were invented that known as Sign Change Ratio (SCR) and Hard-Decision Aided (HDA). The CE-based stopping criteria capable to simplify the complex computation in CE criterion by observing the sign change of soft decoder values and comparing hard decision decoder output respectively. To enhance further, the authors in [3] proposed a Sign Difference Ratio (SDR) criterion that based on the SCR criterion. In [4] , an improved hard-decision-aided (IHDA) criterion was proposed to solve the storage requirement in HDA. These stopping criteria or so-called CEbased stopping criteria were mostly chosen by researchers as a benchmark of the development of a new stopping criterion and the latest works were presented in [5] - [7] .
The CE-based stopping criteria also inspired the recent research in [5] , [8] , [9] in developing the latest enhancements of the stopping criteria by optimizing the performance in terms of average iteration number (AIN), bit error rate (BER) and complexity. However, the CE-based and its enhancement only work in a high SNR. The criteria fails to terminate early at low SNR situation, and thus a fixed number of iterations were employed. Meanwhile in [10] , a stopping criterion called measurement of reliability (MOR) was introduced to solve the failure of existing stopping criteria to terminate early at low SNR. MOR introduced two decoding thresholds based on loglikelihood ratio (LLR) reliability and turning point (TP) SNR in order to work efficiently at low and high SNR. This paper proposes a combination scheme of CE-based stopping criterion and the measurement of reliability (MOR) to stop the iteration process efficiently without any performance degradation. We applied the MOR rules and its threshold to detect unreliable decoder output at the low SNR region while following the normal CE-based iteration process at high SNR region. The rest of this paper is organized as follows. Reviews of the existing CE-based stopping criteria for turbo decoding is given in Section II. Then, Section III describes the detail of the proposes combination scheme and present the simulation results in Section IV to compare with the existing CE-based stopping criteria. Finally, we are giving the concluding remarks in Section V.
II. CE-BASED STOPPING CRITERIA
In the conventional CE stopping criteria, the mutual information between the two constituent decoders, as shown in Fig. 1 , are used to estimate the output of the decoders at each iteration. Based on the CE stopping rule, two simplified variant called SCR and HDA have introduced in [2] . In this paper, a combination scheme of the CE-based stopping criteria with MOR is proposed for the early termination of iterative decoding at low SNR.
978-1-4799-4075-2/14/$31.00 © 2014 IEEE ). Then, y = u + v, where v is the AWGN and u is the information bits. The turbo iterative decoding is realized by exchanging the extrinsic informations, Le, between the two decoding at i-th iteration. Assuming ˆt u is the estimate of the information bit, u t , at time t. Hence, the relation between log-likelihood ratio (Lr) and the output of y t = (y t,1 , y t,2 , …, y t,n ) at each decoder, is defined as follows: 
Then, ˆt u is estimated as follows:
The stopping criterion in [10] suggested to measure the CE of the distribution of the estimates, ˆt u between the two decoders output. Supposed that the mutual information between these two decoders converge at every iteration, the stopping criterion compared the CE value with specified threshold to terminate the decoding process. It is also shown that the decoding outputs between the two consecutive iterations tend to converge. Then, the iteration can be stopped if
In [1] , showed that the CE between the distributions of the output of these two decoders, can be further approximated by ( ) 
( ) 2ˆî
The authors in [2] further simplified the CE concept by introducing two stopping criterion called SCR and HDA, in an attempt to reduce the computational complexity in CE. Based on the assumption that the differences between the magnitude of ( ) ( ) Le u e δ = Δ
In the SCR criterion, C(i) is computed at each iteration and then SCR rule terminates the iterations when C(i) (0.005 ~ 0.03)N. On the other hand, the HDA stopping rule based on the hard decisions of the Lr 2 between two consecutive iterations, that is, the further iterations is stop when the entire sign of the encoded bits between the two consecutive frames are the same. 
III. ENHANCEMENT OF CE-BASED STOPPING CRITERIA
The stopping criterion using MOR has been presented in [10] by detecting the convergance and non-convergance outputs of the decoders. This section discussed briefly about the MOR and then presented the combination method to solve the CE-based stopping criteria incapability at low SNR.
A. MOR
In the MOR stopping criterion, two stages were involved, first is the calculation of the MOR itself and second is the comparison with the two threshold, namely Th 1 and Th 2 . The reliability of the
Lr u value is defined as ( )
and then it was compared with two threshold. The iterative decoding is terminated if information bits converged. Hence, the reliability of all decoded bits is greater than Th 1 ,
Conversely, if the decoding process is not able to converge, that is, the iteration is stops when the reliability of all decoded bits is smaller than the second threshold value, Th 2
B. Combination Scheme
The proposed TP = 0.69 dB from [10] is used to find the Th 1 and Th 2 respectively. Both Th values were used in MOR during online stage simulation. However, in the proposed combination scheme, the equation (9) was calculated and compared with Th 2 only, as in equation (11). Then, if the equation is satisfied, the iterative decoding is stopped; otherwise the CE-based stopping criterion is computed. Table I describes the pseudo code of the proposed combination scheme. 
IV. RESULTS AND DISCUSSIONS
The simulation was done for g (7, 5) of the turbo coding with three frame sizes of 100, 1000 and 10000, to test the robustness of MOR. From the result of the turning point (TP) measured in [10] , TP = 0.69 dB was applied to this experiment. The offline stage simulation to compute the mean and maximum Fig. 2 shows the AIN of the conventional and improved CE (I-CE) stopping criterion, which are represented with dotted and solid lines, respectively. Observed that the AIN requires for I-CE at low SNR is reduced tremendously for all frame sizes. For example, at low SNR region from -2 to -0.5 dB, I-CE able to terminate at minimum one AIN. However, at TP of 0.69 dB, the larger frame size reaches the maximum AIN and for the medium frame size giving a moderate AIN of approximately five. The small frame size, whereas giving the least AIN of approximately two. As expected, the CE and I-CE stopping criterion shows the same AIN at high SNR. The exact trend is also observed for the case of improved I-SCR and I-HDA, as shown in respective Figures 4 and 6 . Interestingly, the BER performances are the same for conventional CE-based stopping criterion and the proposed combination scheme, as shown in Figure 3 , 5 and 7, for I-CE, I-SCR and I-HDA, respectively.
V. CONCLUSION
This paper presented a combination scheme of the CEbased stopping criterion with MOR for turbo decoding, such that a decoding threshold derived by MOR is used to facilitate the stopping rule at low SNR. Whereas at high SNR, the existing CE-based stopping criterion is performed as usual. From these analyses, the combination scheme is able to terminate early at low SNR for various frame sizes. Meanwhile, at high SNR, the existing CE-based stopping criterion can be employed to maintain the BER performance. The significant results shown in the simulation suggest that the combination scheme may reduce the iteration delay and computing complexity of existing CE-based stopping criteria. I-CE,N=100  CE,N=100  I-CE,N=1000  CE,N=1000  I-CE,N=10000 CE,N=10000 Fig. 2 . AIN of the (7, 5) code with CE and I-CE 
